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INTRODUCTION 


The  anti-cancer  drug  doxorubicin  (adriamycin)  causes  severe  adverse  effects  at  high  doses 
and  loses  its  efficacy  against  multidrug  resistant  tumors  including  breast  cancer.  Potentially  fatal 
cardiotoxicity  can  develop  in  patients  when  the  cumulative  dose  of  the  drug  exceeds  450  mg/m2. 
For  optimum  use  of  doxorubicin  it  is  necessary  to  overcome  multidrug  resistance  of  tumor  with 
simultaneous  protection  against  cardiotoxicity.  Cardiotoxicity  may  result  from  the  tendency  of 
doxorubicin  and  its  metabolites  to  accumulate  in  the  heart  and  trigger  free  radical  mediated 
injury  (1-3).  At  present,  R-verapamil,  tamoxifen,  raloxifene,  toremifene  and  dipyridamole  are 
being  considered  as  chemosensitizers  for  reversing  tumor  resistance  to  doxorubicin.  It  is 
important  to  identify  and  avoid  conditions  under  which  they  preferentially  sensitize  the  tumor 
without  subjecting  the  heart  to  the  deleterious  effects.  Free  radicals  are  known  to  induce 
apoptosis.  If  free  radicals  are  the  cause  of  cardiotoxicity,  then  R-verapamil,  tamoxifen, 
toremifene,  raloxifene  and  dipyridamole  should  protect  the  heart  by  virtue  of  their  anti- 
peroxidant  action.  If  apoptosis  is  the  cause  of  cardiac  injury  then  the  alleged  anti-apoptotic 
action  of  these  chemicals  should  be  beneficial  to  the  heart.  If  cardiotoxicity  is  the  result  of 
altered  kinetics  and  metabolism  of  doxorubicin  to  the  more  toxic  doxorubicinol,  then  certain 
metabolic  inhibitors  would  afford  protection.  Apoptosis  in  the  tumor  is  desirable,  whereas 
apoptosis  in  the  heart  is  detrimental.  Methods  for  decreasing  the  free  radical  burden  in  the  heart 
and  preventing  the  accumulation  of  doxorubicin  and  its  metabolites  in  the  heart  may  improve  the 
clinical  usefulness  of  doxorubicin.  This  may  be  achievable  because  the  antitumor  action  of 
doxorubicin  may  occur  through  inhibition  of  DNA  topoisomerase  with  minimal  involvement  of 
free  radicals.  The  mechanisms  involved  in  the  actions  of  these  pharmacologically  diverse 
compounds  may  hold  valuable  clues  for  improved  cancer  therapy  and  protection  against 
cardiotoxicity.  The  specific  aims  of  the  project  are: 

#1:  To  determine  if  R-verapamil,  tamoxifen,  toremifene,  raloxifene  and  dipyridamole  alter  the 
metabolic  and  pharmacokinetic  profiles  of  doxorubicin  in  athymic  nude  mice  with  multidrug 
resistant  MCF-7  human  tumor  xenografts.  High  pressure  liquid  chromatography  (HPLC)  will  be 
utilized  to  measure  the  concentration  of  doxorubicin,  doxorubicinol  and  the  chemomodulator  in 
blood,  tumor,  heart,  kidneys  and  liver  of  mice.  The  extent  of  lipid  peroxidation  and  the 
concentration  of  reduced  glutathione  will  be  determined  in  heart  and  liver  tissue  by  standard 
biochemical  assays. 

#2:  To  determine  if  R-verapamil,  tamoxifen,  toremifene,  raloxifene  and  dipyridamole  have 
differential  effects  on  programmed  cell  death  (apoptosis)  in  cardiac  tissue  compared  to  the 
tumor.  The  extent  of  apoptosis  in  heart  tissue  and  tumor  will  be  assayed  in  situ  by  histological 
methods  and  by  DNA  laddering  assays  in  order  to  correlate  cardiac  damage  with  extent  of 
apoptosis. 

#3:  To  apply  the  electron  spin  resonance  (ESR)  technique  of  spin  trapping  to  compare  the 
influence  of  R-  and  S-verapamil  on  doxorubicin-induced  free  radical  formation  in  vitro  and  in 
vivo.  Alpha-(2,4,6-trimethoxyphenyl)  N-tert-butylnitrone  (TMeOPBN)  will  be  administered  to 
mice  for  in  vivo  studies  and  TMeOPBN  and  5,5-dimethylpyrroline  N-oxide  (DMPO)  will  be 
used  for  in  vitro  experiments  with  cardiac  microsomes  and  mitochondria  isolated  from  animals 
in  the  different  treatment  groups.  The  long  term  goal  is  to  find  safer  methods  of  treating 
multidrug  resistant  advanced  breast  cancer  with  doxorubicin  while  preventing  cardiotoxic  side 
effects  of  treatment. 
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BODY 


There  are  several  reports  that  the  MCF-7/ADR  cell  line  used  at  many  research  centers  for 
investigating  doxorubicin  resistance  in  human  breast  tumor  cells  is  not  genetically  related  to  its 
presumed  parental  cell  line  MCF-7  ( 4-6 ).  Multidrug  resistant  breast  cancer  cell  lines  whose 
pedigree  can  be  reliably  traced  to  their  parental  cell  lines  have  been  obtained  by  researchers  in 
other  laboratories  by  transfection  of  the  appropriate  genes  for  drug  resistance.  Matched 
sensitive  (wild  type)  and  its  multidrug  resistant  variant  are  now  available  to  us  from  reliable 
sources  such  as  Georgetown  University  and  the  National  Cancer  Institute.  We  have  to  repeat 
many  of  the  experiments  that  were  carried  out  earlier  with  MCF-7/ADR,  using  these  matched 
pairs  of  breast  cancer  cell  lines  of  varying  drug  sensitivities.  Our  attempts  to  produce  multidrug 
resistant  MCF-7  cells  by  serial  exposures  to  graded  concentrations  of  doxorubicin  failed  to 
yield  stable  drug  resistant  mutants.  Therefore  we  have  depended  on  the  cell  lines  developed  in 
Georgetown  University  by  Dr.  Robert  Clarke  (specifically  MDA  435/LCC6  and  its  multidrug 
resistant  derivative  MDA  43 5/LCC6MR1)  and  by  Dr.  Michael  Gottesman  of  the  National 
Cancer  Institute,  National  Institutes  for  Health  (  MCF-7  and  MCF-7  MDR  clone  10.3,  which 
has  been  transduced  with  MDR1). 

The  in  vivo  studies  associated  with  task  3:  statement  of  work  (pharmacokinetic  analysis  and 
apoptosis  assays  in  animals)  have  been  delayed.  However,  we  have  grown  MCF-7/ADR  cells  as 
solid  tumor  xenografts  in  nude  mice  as  part  of  another  ongoing  project  dealing  with  in  vivo 
phosphorus  nuclear  magnetic  resonance  spectroscopy.  We  will  soon  initiate  tumor 
transplantation  for  pharmacokinetic  studies  and  apoptosis  assays  using  authentic  multidrug 
resistant  breast  cancer  cells.  A  prior  assessment  of  the  factors  influencing  apoptosis  will  be 
useful  for  interpreting  the  results  of  apoptosis  assays  on  tissue  and  tumor  samples  from  treated 
animals.  Therefore  the  effects  of  different  agents  on  doxorubicin-mediated  apoptosis  were 
studied. 

Inhibitors  of  protein  kinase  C  are  known  to  play  a  regulatory  role  in  cell  proliferation  and 
apoptosis.  Protein  kinases  have  been  identified  as  therapeutic  targets  that  are  worth  exploring 
(7).  Tamoxifen,  raloxifene  and  dipyridamole  are  inhibitors  of  protein  kinase  C,  which  is  being 
recognized  as  an  attractive  target  in  cancer  chemotherapy,  especially  for  overcoming  multidrug 
resistance  (7-9).  The  importance  of  the  sphingomyelinase  -  ceramide  pathway  in  ceramide- 
mediated  apoptosis  and  drug  resistance  is  rapidly  gaining  recognition  (10-17).  The  influence  of 
oxidative  stress,  pH  and  calcium  homeostasis  in  drug  resistance  is  being  actively  studied  in 
several  laboratories  (18-21). 

The  multidrug  resistance  reversing  agents,  tamoxifen,  dipyridamole,  verapamil  and  raloxifene 
are  inhibitors  of  protein  kinase  C.  Furthermore,  these  compounds  possess  some  antiperoxidant 
activity  and  a  tendency  to  perturb  calcium  homeostasis  in  cells.  The  basic  amino  groups  in 
compounds  such  as  nicotine,  tamoxifen  and  dipyridamole,  can  alter  intracellular  pH  and 
influence  cellular  uptake  of  anticancer  drugs.  The  diverse  pharmacological  properties  make  in 
vivo  study  of  these  compounds  exciting.  In  vitro  experiments  have  been  carried  out  as 
preparation  for  the  projected  in  vivo  studies  on  tumor  bearing  mice. 
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Necrosis  was  the  major  source  of  cell  death  in  doxorubicin  treated  MCF-7  and  MCF-7/ADR 
cells.  The  MCF-7/ADR  cells  are  probably  not  of  breast  origin  in  spite  of  the  nomenclature 
used.  These  cells  have  mutated  p53,  which  may  account  for  their  resistance  to  apoptosis  (4,22). 

The  protein  kinase  C  inhibitors  tamoxifen,  raloxifene  and  dipyridamole  partially  sensitized 
MCF-7/ADR  cells  to  doxorubicin,  when  cell  viability  was  estimated  using  colony  formation 
assays.  These  compounds  also  inhibited  doxorubicin  stimulated  microsomal  lipid  peroxidation. 
All  three  compounds  displayed  non  protein  thiol  sparing  effect  in  microsomes  treated  with 
doxorubicin.  This  confirms  the  anti-peroxidant  properties  of  these  compounds. 

Nicotine,  tamoxifen,  raloxifene  and  dipyridamole  are  amino  compounds  with  some  basic 
character.  Nicotine  activates  protein  kinase  pathways  in  some  cellular  systems  (23-27).  This  is 
in  contrast  to  the  other  three  compounds,  which  inhibit  protein  kinase  C.  Interestingly,  nicotine 
decreased  the  cytotoxicity  of  doxorubicin  towards  MCF-7  cells  (22). 

Adenosine  triphosphate  ( ATP)  is  needed  for  pathways  leading  to  apoptosis,  and  ATP 
depletion  promotes  necrosis  (28).  Therefore  it  is  important  to  understand  the  effects  of  different 
pharmacological  agents  on  cellular  energy  production.  In  collaboration  with  Dr.  Paul  Wang  of 
our  University,  we  have  utilized  31PNMR  spectroscopy  to  study  ATP  producing  capacity  of 
MCF-7/ADR  cells  (29).  The  technique  should  allow  us  to  compare  the  effects  of  tamoxifen  and 
doxorubicin  on  ATP  production  and  glucose  utilization  by  drug  sensitive  and  resistant  cells.  We 
had  noted  differences  in  the  glucose  stimulated  proliferation  of  MCF-7  and  MCF-7/ADR  cells 
(30).  Since  these  cell  lines  are  genetically  unrelated,  we  will  repeat  the  experiments  with 
authentic  genetically  related  pairs  of  drug  sensitive  and  drug  resistant  breast  cancer  cell  lines. 

The  roles  of  sphingomyelin  and  ceramide  pathways  in  multidrug  tumor  cell  sensitivity  and 
resistance  are  being  examined  in  several  laboratories.  We  are  teaming  up  with  Dr.  Xinbin  Gu  of 
our  University,  to  investigate  the  effect  of  nitrone  spin  traps  and  nitroxyl  spin  labels  on 
ceramide  mediated  apoptosis.  Free  radical  initiated  apoptosis  can  be  triggered  via 
sphingomyelinase  pathway.  Nitrones  and  nitroxyls  exhibit  antiperoxidant  activity  in  systems 
where  dipyridamole  and  tamoxifen  also  inhibit  peroxidation.  Therefore,  we  will  compare  the 
abilities  of  these  compounds  to  perturb  the  sphingomyelinase  pathway  and  apoptosis  in  drug 
sensitive  and  resistant  breast  cancer  cells  treated  with  and  without  doxorubicin. 

Important  differences  were  noted  in  the  metabolic  activation  of  doxorubicin  and  another 
anthracycline,  mitoxantrone.  Mitoxantrone  yielded  free  radical  intermediates  during  oxidative  as 
well  as  reductive  metabolism.  Free  radicals  were  detectable  by  electron  spin  resonance 
techniques  only  during  reductive  metabolism  of  doxorubicin  (31). 

We  also  observed  that  the  neutral  red  assay  for  cell  viability  was  unreliable  when  used  with 
multidrug  resistant  cells,  presumably  due  to  lack  of  adequate  retention  of  the  dye  by  the  drug 
resistant  cells.  This  assay  also  overestimated  the  viability  of  heat  inactivated  cancer  cells  (32). 

We  have  not  submitted  manuscripts  on  all  our  results  (task  4:  statement  of  work),  but  will  do  so 
after  confirming  the  data  obtained  with  authentic  multidrug  resistant  human  breast  cancer  cells. 
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KEY  RESEARCH  ACCOMPLISHMENTS 


•  Demonstrated  necrosis  to  be  the  major  cause  of  cell  death  in  doxorubicin-treated  MCF- 
7/ADR  cells. 

•  Demonstrated  the  PKC  inhibitors  tamoxifen,  raloxifene,  and  dipyridamole  partially 
sensitized  MCF-7/ADR  cells  to  doxorubicin  when  cell  viability  was  estimated  using 
colony  formation  assays. 

•  Demonstrated  that  nicotine  activates  PKC  pathways  in  some  cellular  systems  in  contrast 
to  the  other  three  compounds  that  inhibit  PKC. 

•  Utilized  31PNMR  spectroscopy  to  distinguish  drug  sensitive  and  multidrug  resistant  cells. 

•  Nitrones  and  nitroxyls  can  perturb  the  sphingomyelinase  pathway  and  apoptosis  in  drug- 
sensitive  and  -resistant  cells  treated  with  and  without  doxorubicin. 

•  Detected  free  radicals  during  reductive  metabolism  of  doxorubicin. 

•  Observed  that  neutral  red  assay  for  cell  viability  was  unreliable  when  used  with  MDR 
cells,  and  overestimated  the  viability  of  heat  inactivated  cancer  cells. 
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Abstracts 
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Breast  Cancer  Research  Program  Meeting  Proceedings,  Volume  I,  Abstract  PI 0-25, 
Orlando,  Florida,  25-28,  September. 
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American  Association  for  Cancer  Research,  Proc.  Amer.  Assoc.  Cancer  Res.  42:  935, 
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CONCLUSIONS 


The  MDR  reversing  agents,  tamoxifen,  dipyridamole  and  raloxifene  partially  inhibit 
doxorubicin  mediated  lipid  peroxidation  in  tumor  cells  and  in  microsomal  preparations.  The 
results  need  to  be  confirmed  using  MCF-7,  and  MCF-7  MDR  clone  10.3  cells  developed  by  Dr. 
Michael  Gottesman  of  the  National  Institutes  for  Health.. 

The  MCF-7/ADR  cells  which  was  used  in  our  studies  has  a  mutated  p53  and  is  not  prone  to 
undergo  doxorubicin  mediated  apoptosis.  Moreover  this  cell  line  may  not  even  be  a  breast 
cancer.  Therefore  it  is  essential  that  we  concentrate  our  efforts  on  MCF-7  and  MCF-7  MDR 
clone  10.3.  We  also  have  MDA  435/LCC6  and  its  multidrug  resistant  derivative 
MDA/LCC6MR1  for  comparison. 

It  is  important  to  test  the  antiperoxidant  and  thiol  sparing  effects  of  tamoxifen,  dipyridamole  and 
raloxifene  using  authentic  breast  cancer  cells  differing  in  drug  sensitivities.  These  results  should 
be  compared  with  those  obtained  using  cardiac  muscle  cells.  Electron  spin  resonance  studies 
should  be  carried  out  to  evaluate  the  thiol  tone  of  muscle  cells  and  tumor  cells  treated  with 
doxorubicin  alone  and  in  combination  with  tamoxifen,  raloxifene  and  dipyridamole. 

The  MCF-7  and  MCF-7  MDR  clone  10.3  will  be  grown  as  solid  tumor  xenografts  in  Balb/c 
nude  mice  for  completing  the  pharmacokinetic  studies  as  proposed  .  The  results  from  these 
studies  will  help  identify  any  preferential  effects  of  doxorubicin  and  multidrug  reversing  agents 
on  the  tumor  in  comparison  to  the  heart. 
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Appendix  1. 


Effect  of  nicotine  on  doxorubicin  toxicity  towards  MCF-7  and  KB3.1  cells 

Introduction 

In  the  United  States  approximately  7.5  %  of  cancer  related  deaths  can  be  attributed  to  smoking. 
Tobacco  use  has  been  associated  with  carcinogenesis.  Tobacco  use  is  strongly  discouraged  in 
patients  undergoing  cancer  therapy.  Nicotine  (nic)  may  decrease  the  effectiveness  of  cancer 
therapy  and  increase  the  risk  of  tumor  recurrence. 

The  aim  of  cancer  therapy  is  to  eliminate  clonogenic  cells  in  tumor.  Clonogenicity  assays  are 
useful  for  determining  reproductive  cell  death,  whereas  assays  for  apoptosis  are  not  always  a 
measure  of  reproductive  death  in  cells.Tumor  recurrence  depends  on  the  presence  of  viable 
clonogenic  cells  that  survive  even  after  therapy.We  tested  the  effect  of  nicotine  on  cytotoxicity 
of  doxorubicin(dox)  towards  cancer  cells  in  culture,  using  assays  for  apoptosis,  necrosis  and 
clonogenicity. 

Methods  and  Materials 

Cells:  MCF-7  human  breast  cancer  cells  and  KB-3. 1  human  nasopharyngeal  carcinoma  cells 
were  cultured  and  maintained  as  exponential  monolayers  in  a  humidified  5%  carbon  dioxide 
air  atmosphere  in  a  37°C  incubator.  RPMI  1640  medium  fortified  with  10%  fetal  bovine  serum, 
glutamine  (2mM),  sodium  pyruvate  (ImM)  and  100  units/ml  each  of  penicillin  and 
streptomycin  was  used  for  culturing  MCF-7  cells.  KB-3. 1  cells  were  grown  in  Dulbecco’s 
minimum  essential  medium  that  was  fortified  with  fetal  bovine  serum,  glutamine,  pyruvate 
and  antibiotics  as  indicated  for  RPMI  1640. 

Apoptosis  assays:  Annexin  V-EGFP  apoptosis  detection  kit  (MBL,  Nagoya,  Japan)  was  used 
for  apoptosis  assays  using  a  flow  cytometer.  Apoposis  was  estimated  by  measuring  caspase  3 
and  caspase  8  activities  using  a  caspase-3/CPP32  fluorometric  protease  assay  kit  and  a  caspase- 
8/Flice  fluorometric  protease  assay  kit  (MBL,  Nagoya,  Japan).  Apoptosis  was  also  detected  on 
the  basis  of  DNA  Fragmentation  analysis  using  1.5%  agarose  gels,  using  ethidium  bromide  for 
staining. 

Clonogenicity  assay:  Cells  were  seeded  at  a  density  of  300  and  1500  cells  per  60mm 
diameter  tissue  culture  dishesand  the  cells  were  allowed  to  attach  overnight.  The  cultures  were 
treated  with  nicotine  (10  or  20  pM)  for  two  hours.  Control  cultures  were  treated  with  same 
volume  of  medium  without  nicotine.  After  the  two  hour  exposure  to  nicotine,  the  cultures  were 
treated  with  different  concentrations  of  doxorubicin  (0.25  to  10  pM  range)  for  90  or  120 
minutes.  Appropriate  controls  without  doxorubicin  were  also  included.  The  medium  was 
removed  from  each  dish  and  the  cells  were  washed  with  Dulbecco’s  phosphate  buffered  saline, 
and  fresh  drug  free  culture  medium  (5  ml)  was  added  and  the  cultures  returned  to  the  incubator 
for  colony  formation  to  progress  for  ten  days.  Any  colony  containing  more  than  50  cells  was 
considered  to  represent  a  viable  clonogenic  cell.  The  number  of  colonies  in  the  different  dishes 
were  counted  after  staining  with  methylene  blue.  Survival  was  calculated  relative  to  a  100% 
value  for  untreated  controls.  The  experiment  was  performed  at  least  four  times  for  each  cell 
line. 


Results 


Colony  formation  Assays:  A  90  minute  exposure  of  MCF-7  cells  to  doxorubicin  (10  pM) 
in  the  absence  of  nicotine  killed  all  cells.  However,  pretreatment  with  10  and  20  pM  nicotine 
afforded  partial  protection  to  MCF-7  cells  treated  with  doxorubicin  (10  pM)  (Fig.  1). 

In  KB-3.1  cells  the  survival  was  14.2%  after  a  90  minute  treatment  with  0.5  pM  doxorubicin 
alone,  but  the  survival  increased  to  27.2%  when  a  two  hour  treatment  with 
10  pM  nicotine  preceded  doxorubicin  (0.5  pM  )  treatment  (  Fig.  2).  Even  this  slight  inhibition 
of  doxorubicin  cytotoxicity  by  nicotine  will  have  a  profound  effect  on  tumor  control.This  is 
illustrated  by  simulating  the  effect  of  multiple  treatments  with  doxorubicin  alone  and  in  the 
presence  of  nicotine.  The  graph  (  Fig.  3)  depicts  the  number  of  clonogens  remaining  after 
multiple  course  of  treatment  of  a  hypothetical 

one  gram  tumor  containing  109  clonogenic  cells  at  the  start  of  therapy.  In  this  depiction,  it  is 
assumed  that  the  tumor  is  homogeneous  and  that  the  effectiveness  is  the  same  for  each  cycle  of 
therapy.  Effects  of  tumor  cell  proliferation  have  also  been  ignored  in  this  case. 

Annexin  V  assay:  Two  color  flow  cytometry  results  indicated  that  a  large  proportion  of  cells 
exposed  to  doxorubicin  were  necrotic  (as  judged  by  propidium  iodide  staining)  and  the 
population  of  apoptotic  cells  was  small.  Pretreatment  with  nicotine  (10  pM)  decreased 
necrosis  due  to  doxorubicin  (10  pM)  treatment  of  MCF-7  cells  (Fig.  4  and  5).  Nicotine 
treatment  also  protected  KB  3.1  cells  from  necrosis  induced  by  doxorubicin  (1  pM)  treatment 
for  90  and  120  minutes  (Fig.  6). 

Caspase  3  and  caspase  8  activities  and  DNA  fragmentation:  Treatment  with  lOpM 
doxorubicin  alone  for  90  minutes  increased  caspase-3  activity  to  142%  and  caspase-8  activity 
to  126%  relative  to  100%  activity  for  each  enzyme  in  untreated  control  cultures.  However,  a  2 
hour  pre-treatment  with  20  pM  nicotine  reduced  the  caspase-3  and  caspase-8  activities 
respectively,  in  cultures  treated  with  doxorubicin  to  1 14%  and  101%  of  control  (Fig.  7)  .  This 
corresponds  to  a  20%  inhibition  of  doxorubicin-induced  apoptosis  by  20  pM  nicotine  in  these 
cells.  In  a  parallel  set  of  experiments, +  the  drug  containing  medium  was  replaced  with  drug 
free  medium  after  the  90  minute  exposure  to  doxorubicin  and  then  incubated  at  37°C  for  24 
hours.  When  these  cells  were  examined,  inhibition  of  doxorubicin-induced  apoptosis  by 
nicotine  could  be  demonstrated  on  the  basis  of  DNA  fragmentation  analysis  (Fig.  8). 

Our  original  intention  was  to  compare  MCF-7  and  multidrug  resistant  MCF-7 /ADR  cells. 
Based  on  karyotype  analysis,  these  cell  lines  were  determined  to  be  unrelated.  However,  we 
were  able  to  obtain  drug  sensitive  (KB-3.1)  and  related  multidrug  resistant  (KB-V.l) 
nasopharyngeal  carcinoma  cells.  We  initiated  experiments  on  these  cells  and  used  the  results 
for  comparison  with  the  data  for  MCF-7  cells. 


Conclusion 


Nicotine  decreases  the  cytotoxicity  of  doxorubicin  as  judged  by  assays  for  apoptosis,  necrosis 
and  clonogenicity.  Necrosis  and  not  apoptosis  is  the  major  cause  of  cell  death  in  MCF-7  and 
KB-3.1  cells  treated  with  doxorubicin  under  the  conditions  of  our  experiments.  MCF-7  and 
KB-3.1  cells  showed  only  a  weak  apoptotic  respone  to  doxorubicin  treatment. 

Inhibition  of  apoptosis  and  reproductive  cell  death  can  affect  tumor  control.  This  statement 
must  further  be  tempered  by  the  fact  that  tumor  response  to  therapy  depends  on  tumor  cell 
killing,  cell  proliferation,  and  cell  loss  factor.  Chemotherapy  is  usually  given  in  multiple  doses 
or  cycles  of  treatment.  The  slight  inhibition  of  doxorubicin  cytotoxicity  by  nicotine  can  be 
detrimental  to  the  efficacy  of  multiple  courses  of  doxorubicin  treatment. 

The  U.S.  Army  Medical  Research  Material  Command  under  DAMD  17-98-1-8109  supported 
this  work. 
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Fig  1.  Partial  inhibition  of  doxorubicin  cytotoxicity  by  nicotine  as  demonstrated  by 
clonogenicity  assays  in  MCF-7  cells 


Fig  2.  Partial  inhibition  of  doxorubicin  cytotoxicity  by  nicotine  as 
demonstrated  by  clonogenicity  assays  in  KB-3.1  cells 
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Fig  3.  Theoretical  curves  for  treatment  efficacy 


Fig  4.  Flow  cytometry  assays  for  apoptosis  and  necrosis  in  MCF-7  cells 


Fig  5.  Partial  inhibition  of  doxorubicin  induced  necrosis  in  MCF-7  cells  by  nicotine 
(  Flow  cytometry  analysis) 
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Fig  6.  Flow  cytometry  assays  for  apoptosis  and  necrosis  in  KB-3.1  cells 


Fig  8.  DNA  fragmentation  assays  in  MCF-7  Cells 
A:  Nicotine  10  pM,  B:  Nicotine  20  pM, 

C:  Nicotine  10  pM+Doxorubicin  10  pM,  D:  Nicotine  20  pM+Doxorubicin  lOpM, 
E:  Control,  F:  Doxorubicin  10  pM. 

The  results  from  DNA  fragmentation  assay  indicated  that  doxorubicin  induced 
most  DNA  fragments  (Lane  F)  compared  to  other  treatment  groups.  However,  20 
uM  nicotine  inhibited  this  effect  of  doxorubicin  ( Lane  D) 
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Fig  1. Comparison  of  Neutral  Red  and 
Clonogenicity  Assays 
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Fig  2.  Comparison  of  Neutral  Red  Uptake  By  Drug 
Sensitive  and  Multidrug  Resistant  Cells 


Appendix  3 


Sphingoirrydm-ceramide 

pathway 


I 

DNA DAMAGE- 

1 

Activation  of  PARP 

I 

NAD+  decrease 

I 


MITOCHONDRIAL  DAMAGE 

i 

Caspase  cascade 


APOPTOSIS 


Inhibition  of  glycolysis 


Decrease  of  ATP  - 


NECROSIS 


Schematic  Outline  of  Sequential  Biochemical  Pathways  to  Apoptosis  Induced  by  Doxorubidn 

Based  on  Martin  D.S.,  Bertino,  J.R  and  Koutcher,  J  A  Cancer  Res  60:6775-6783,  2001  (Ref. 28). 
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Redox  active  agents  cause  scrambling  of  plasma  membrane  phospholipids  and  active  SMase/ 
endoceramidase.  This  initiates  the  ceramide-signaling  pathway  leading  to  apoptosis. 
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SENSITIVE  AND  DRUG  RESISTANT  BREAST  CANCER 

Dr.  Pad  C.  Wang,  Dr.  Doagi  heng  Lia,  Mr.  Emmaaati  Agwa,  and  Dr.  Raj  ago  palan  Sridhar 


Department  of  Radiology,  Howard  University 
Washington,  DC  20060 

E-mail:  pwang@howard.edu 

Nuclear  magnetic  resonance  (NMR)  spectroscopy  has  emerged  as  one  of  the  most 
promising  techniques  to  improve  specificity  in  the  diagnosis  and  staging  of  breast  cancer. 
It  has  been  widely  used  in  the  study  of  tumor  energy  metabolism,  vasculature  and 
oxygenation,  and  response  to  drug  treatment  The  NMR  technique  has  intrinsically  weak 
signals,  which  limit  the  ultimate  resolution  and  sensitivity.  A  new  NMR  probe  was 
constructed  using  a  high  temperature  superconductor,  YBCO,  to  reduce  electronic  noise 
and  improve  detection  sensitivity.  To  test  the  improvement  of  sensitivity,  two  experiments 
are  conducted:  an  in  vitro  cell  metabolism  study  on  9.4  T  spectrometer  and  an  in  vivo 
tumor-bearing  animal  study  on  a  4.7  T  scanner. 

In  the  cell  metabolism  study,  MCF7  human  breast  cancer  cells  and  their  variants  are  used  to 
characterize  the  differences  in  levels  of  phosphate  metabolites  during  growth  phase  as  well 
as  under  Tamoxifen  and  Doxorubicin  treatment  During  the  NMR  study,  the  breast  cancer 
cells  (~107  cells)  are  restrained  in  agarose  gel-thread  matrices  and  continuously  perfused 
with  nutrients.  Phosphorus  metabolites  identified  include  phosphocholine,  inorganic 
phosphate,  adenosine  triphosphate,  diphosphodiester,  glycerophosphoethanolamine  and 
glycerophosphocholine.  The  study  of  drug  effect  takes  10  to  12  hours,  in  which  a  series  of 
NMR  spectra  are  obtained  at  one  hour  intervals  (4000  transients,  1.1  sec  repetition  time). 
The  drug  sensitive  cells  were  dramatically  affected  by  2  pM  Doxorubicin  within  two  hours 
of  perfusion  but  not  responsive  to  Tamoxifen  within  12  hours.  In  contrast,  MCF7/  ADR 
multidrug  resistant  cells  showed  no  effect  by  perfusion  of  2  pM  Doxorubicin. 

In  the  animal  study,  healthy  female  athymic  nude  mice  (20-25  g)  are  used.  MCF7  wild  type 
and  drug  resistant  cells  are  grown  as  solid  tumor  xenografts  in  one  hind  leg.  The  other  non- 
involved  leg  served  as  a  control.  The  NMR  spectroscopy  study  of  tumor  progression  is 
done  every  two  or  three  days  during  the  tumor  growth  phase.  There  is  a  significant  drop  in 
high  energy  phosphate  signals  in  the  tumor  sites  compared  with  the  control  sites.  In  the 
course  of  tumor  progression,  the  level  of  high-energy  phosphates  continuously  dropped 
while  that  of  inorganic  phosphate  increased.  This  study  hu  demonstrated  the  importance  of 
high  quality  NMR  spectra  in  differentiating  drug  sensitive  and  drug  resistant  ceils. 


The  U.S.  Army  Medical  and  Material  Command  under  DAMD17-96-1-6289  supported  this 
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Ex  vivo  nuclear  magnetic  resonance  is  useful  for  studying  the  metabolic  activity  and  the 
response  of  cells  to  chemotherapy  agents.  Such  studies  involve  data  acquisition  over 
extended  periods  up  to  several  days.  It  is  important  to  preserve  the  integrity  of  cells  during 
such  prolonged  studies  by  providing  adequate  nutrients  and  oxygen  to  the  cells  by  perfusing 
aerated  culture  medium  maintained  at  the  normal  physiological  temperature  of  37°C.  The 
presence  of  serum  in  the  culture  medium  and  temperature  fluctuations  can  produce  gas 
bubbles  in  the  perfusion  system.  Air  bubbles  perturb  magnetic  field  homogeneity  in  the 
NMR  sample  and  causes  line  width  broadening  and  loss  of  spectral  resolution.  We  have 
utilized  an  improved  perfusion  system,  which  includes  positive  and  negative  pressure  traps 
to  prevent  air  bubble  generation  inside  the  NMR  sample  tube.  This  system  has  been  used  to 
prolong  a  typical  12  hour  ex  vivo  study  to  longer  than  10  days. 

Wild  type  MCF-7  human  breast  cancer  cells  were  grown  to  about  85%  confluence  in  1MEM 
with  10%FBS.  Approximately  1  -2x10*  cells  were  harvested  and  mixed  with  low 
temperature  gelling  agarose.  The  agarose-cell  mixture  was  extruded  into  a  NMR  tube 
through  a  0.5  mm  i.d.  Teflon  tubing.  This  resulted  in  thin  strands  of  spaghetti  like  threads 
containing  cells  embedded  in  agarose.  These  threads  in  the  NMR  tube  were  perfused  with 
IMEM  (0.9  ml/min)  using  a  peristaltic  pump,  with  strategically  located  air  bubble  traps 
before  and  after  the  pump  and  a  reservoir  for  waste  collection  was  located  to  collect  die 
effluent  from  the  NMR  tube.  A  400  MHz  instrument  was  used  with  a  repetition  time  2  sec, 
flip  angle  45°,  spectra]  width  of  5000  Hz  and  1800  transients  were  acquired  over  an  hour. 

The  ex  vivo  studies  were  performed  at  37°  C  and  deuterium  locked.  Many  phosphorus 
metabolites  were  identified  on  the  basis  of  their  chemical  shifts  and  by  spiking  with  die 
appropriate  authentic  compound,  in  particular  phosphoethanolamine  (PE),  phosphocholine 
(PC),  inorganic  phosphate  (Pi),  glycerophospho-ethanolamine  (GPE),  glycerophospho- 
choline  (GPC),  phosphocreatine  (PCr),  y-adenosine  triphosphate  (y-ATP),  a-adenosine 
triphosphate  (a-ATP),  diphosphodi  ester  (DPDE),  and  fi- adenosine  triphosphate  (f)-ATP). 

The  stability  of  the  perfusion  system  was  demonstrated  over  ten  days  by  comparing  a  series 
of  spectra  obtained  at  one  hour  intervals. 

In  order  to  ascertain  that  the  spectra  represented  the  metabolic  activity  of  viable  cells, 
iodoacetamide  (0.1  mM),  a  respiratory  poison  was  perfused  through  die  cells  and  the 
change  in  metabolite  profile  observed.  The  cytotoxic  effect  of  iodoacetamide  caused  a 
decline  in  [3 -ATP  peak  over  the  next  ten  hours.  Furthermore,  signal  for  extracellular  Pi 
appeared  immediately  upon  perfusion  with  iodoacetamide.  The  peak  for  extracellular  peak 
increased  with  concomitant  decrease  in  the  intracellular  peak  for  Pi,  suggesting  leakage  of 
intracellular  Pi  into  the  extracellular  space.  The  improved  cell  perfusion  is  stable  for 
several  days  and  is  reliable  for  the  study  of  cell  metabolism  in  viable  cells  and  for 
monitoring  the  effects  of  cytotoxic  agents. 


The  U.S.  Army  Medical  Research  and  Materiel  Command  under  DAMD 17-00- 1-0291  supported  this  work. 
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Doxorubicin  (Adriamycin)  is  used  alone  or  in  combination  with  other  drugs  to  treat 
metastatic  breast  cancer.  Doxorubicin  therapy  is  compromized  by  the  development  of 
a  dose- limiting  and  potentially  lethal  cardiotoxicity.  This  may  partly  be  due  to  free 
radical  intermediates  generated  during  metabolism  of  doxorubicin.  The  anti-estrogen 
tamoxifen  protects  biomembranes  from  free  radical  mediated  oxidative  damage. 
Tamoxifen  has  also  shown  some  potential  for  reversing  multidrug  resistance  in  tumor 
cells.  Ideally,  the  multidnig  reversing  agent  should  sensitize  the  tumor  cells  to  the 
action  of  doxorubicin  without  any  cardiotoxicity.  Since  cardiotoxicity  may  involve 
free  radicals,  it  would  be  beneficial  if  tire  drug  used  to  overcome  drug  resistance 
counteracted  the  free  radical  effects  while  potentiating  the  cytotoxicity  of  doxorubicin 
towards  the  tumor  cells.  Tamoxifen  (10  pM)  partially  inhibited  NADPH  dependent 
lipid  peroxidation  in  rat  heart  and  rat  liver  microsomes  in  the  presence  and  absence  of 
doxorubicin.  The  multidnig  resistant  human  breast  cancer  cell  line  MCF7/ADR  is 
nearly  100  times  more  resistant  than  the  parental  MCF7  cell  line  as  judged  by 
clonogenic  assays  of  cultures  treated  wife  graded  concentrations  of  doxorubicin.  In 
this  study,  tamoxifen  (10  pM)  treatment  for  6  hours  was  toxic  to  both  MCF7  and 
MCF7/ADR  cells.  Isobolognm  analysis  revealed  that  combinations  of  tamoxifen 
and  doxorubicin  exhibited  synergistic  toxicity  towards  MCF7/ADR  cultures,  but 
exerted  only  additive  effects  against  MCF7  cells.  Both  cell  lines  metabolized 
doxorubicin  to  the  corresponding  semiquinone  free  radical.  Election  spin  resonance 
(ESR)  spectroscopy  of  cell  suspensions  treated  wife  doxorubicin  under  anerobic 
conditions  at  37®C,  demonstrated  the  formation  of  semiquinone  free  radical 
interediate.  Tamoxifen  (10  pM)  did  not  affect  the  formation  of  the  semiquinone 
radical  in  the  incubation  mixtures.  Inclusion  of  the  spin  trap  5 ,5-dimethylpyrroline- 
N -oxide  (DMPO)  in  aerated  incubation  mixtures  containing  cells  and  doxorubicin 
gave  the  hydroxyl  spin  adduct  of  DMPO.  Comparison  of  free  radical  yields  from 
MCF7  and  MCF7/ADR  cells  in  these  experiments  was  difficult  because  the 
proportions  of  viable  cells  and  doxorubicin  concentrations  could  not  be  kept  the  same 
for  both  cell  lines.  Optimization  of  electron  spin  resonance  experiments  are  io 
progress. 

The  U.S.  Army  Medical  Research  and  Materiel  Command  under  DAMD17-98-1-8109 
supported  this  work. 
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In  the  United  States  approximately  7.5  %  of  cancer  related  deaths  can  be  attributed  to 
smoking1.  Use  of  tobacco  after  a  cancer  diagnosis  decreases  survival,  promotes  recurrence, 
field  cancerizaiion  and  decreases  the  efficacy  of  cancer  therapy2.  The  chemotherapeutic 
drug  doxorubicin  induces  apoptosis  in  cancer  cells.  The  effect  of  nicotine  on  doxorubicin- 
induced  apoptosis  was  evaluated  in  vitro  using  MCF-7  human  breast  cancer  cell  cultures. 

Exponentially  growing  monolayer  cultures  of  MCF-7  cells  were  treated  with  20pM  nicotine 
for  120  minutes,  followed  by  a  co- exposure  to  lOpM  doxorubicin  for  90  minutes. 

Apoptosis  was  assayed  immediately  after  exposure  to  doxorubicin.  Twenty  micromolar 
nicotine  inhibited  doxorubicin-induced  apoptosis,  based  on  DNA  fragmentation  analysis, 
annexin  V  binding,  and  assays  for  caspase-3  and  caspase-8  activities.  Treatment  with 
1  OpM  doxorubicin  alone  for  90  minutes  increased  caspase-3  activity  to  142%  and  caspase-8 
activity  to  126%  relative  to  100%  activity  for  each  enzyme  in  untreated  control  cultures. 

However,  a  2  hour  pre-treatment  with  20pM  nicotine  reduced  the  caspase-3  and  caspase-8 
activities  respectively,  in  cultures  treated  with  doxorubicin  to  1 14%  and  101%  of  control. 

This  corresponds  to  a  20%  inhibition  of  doxorubicin-induced  apoptosis  by  20pM  nicotine  in 
these  cells.  In  a  parallel  set  of  experiments  the  drug  containing  medium  was  replaced  with 
drug  free  medium  after  the  90  minute  exposure  to  doxorubicin  and  then  incubated  at  37°C 
for  24  hours.  When  these  cells  were  examined,  inhibition  of  doxorubicin-induced  apoptosis 
by  nicotine  could  be  demonstrated  clearly  using  DNA  fragmentation  pattern,  and  annexin  V 
binding,  but  not  on  the  basis  of  caspase-3  and  caspase-8  activities.  Nicotine  by  itself  had  no 
effect  on  apoptosis,  although  it  inhibited  doxorubicin-induced  apoptosis.  Clonogenicity 
assays  for  viability  also  confirmed  the  ability  of  nicotine  (10  and  20pM )  to  protect  MCF-7 
cells  against  the  cytotoxicity  of  a  90  minute  treatment  with  doxorubicin  (1  and  lOpM). 

Nicotine  (10  and  20pM)  did  not  affect  the  viability  of  MCF-7/ADR  multidrug  resistant  cells 
treated  with  10pM  doxorubicin  for  90  minutes.  Inhibition  of  apoptosis  in  cancer  cells  by 
nicotine  can  diminish  the  effectiveness  of  doxorubicin  in  cancer  therapy.  Apoptosis  is  a 
defense  mechanism  against  carcinogenesis.  If  nicotine  inhibits  apoptosis  in  normal  cells  or 
cells  progressing  towards  malignancy,  then  the  risk  of  secondary  malignancies  may  be 
higher  in  patients  who  use  tobacco  products  during  and  after  doxorubicin  treatment. 


References:  ( 1 )  Mortality  treads  for  selected  smoking-related  cancers  and  breast  cancer.  United  States  1 950- 
1990.  MMWR  1993;  42:857-863.  (2)  Schnoll  RA  et  ol.  Correlates  of  tobacco  use  among  smokers  and  recent 
quitters  diagnosed  with  cancer.  Patient  Educ  Couns.  2002  Feb;46(2):  137-45. 
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#6017  SmBarlttss  and  Differences  in  Mechanisms  of  Ftaa  Radcai  fc*. 
mation  from  Mttoxantrona  and  Doxorubicin.  Rajagopalan  Sridhar  and  Pant* 
B.  Desai.  CoHaga  of  Pharmacy,  Untvwsity  of  Cincinnati,  Cincinnati,  OH, 
Howard  Urrivarsity  Hospital  and  Cancar  Cantar,  Washington,  DC. 

Mttoxantrona  la  uaad  tar  treating  doxorubicin  resistant  braaatcancar.  MRoxantrona 
is  laas  cardtotadc  than  doxorubicin.  Stnca  cardtotoxicity  may  invotira  fraa  faded 

intarmedtatia  of  drug  metabotom.  doxorubicin  and  mitoxantrona  wart  avaluatad  for 
tMtandendea  to  yMd  free  ratfcalspaciea  upon  enzymatic  reduction  and  axkMkn 

Doxorubicin,  mitoxantrona  and  p-banzoqiJnone  warn  aach  mstabotesd  by  rat  her 
nilcwaotneeattaNADPHurxiar  anaerobic  cortaWoM  to  thaaconsapondingaamiqii. 
none  redteala  as  conftvnad  by  thalr  aiadron  apin  raaonanca  (ESR)  apaclre.  Intana. 
Ingty,  mttoxantrona  (40fiM)  inhibitad  NADPH  driven  miewaomaf  Hpid  peroxidation  by 
60%,  whereas  doxorubicin  at  the  same  concentration  stimulated  peroxidation  neariy 
two  fold.  NADPH  driven  lipid  peroxidation  of  rat  Ivar  microaomee,  was  estimated  by 
the  2-thiobartiitijric  acid  assay.  Treatment  of  mitoxantrona  (100*iM)  with  horseradWt 
paroxidaaa  (HHP)  and  hydrogen  peroxide  (02  M  potaasksn  phosphate  butler,  pH  7) 
yielded  free  radicate  whose  ESR  spectrum  was  recorded.  This  matched  the  spactrun 
obtained  tar  the  product  of  NRP  catalyzed  attack  of  hydrogen  peroxide  on  p. 
phenytanedtomlna.  Specbophotomatric  studaa  with  thle  system  ahowed  the  decay 
of  characteristic  peaka  of  mitoxantrona  at  606  and  662  nm  with  concomitant  buld  up 
of  apeak  at  586  nm.  TraMmer*  of  doxorubicin  with  hcraaradtah  peroxidaae  and 
hydrogen  peroxide  caused  rapid  fadtag  of  the  red  color  of  the  drug,  but  no  free 
racket  species  could  be  detactad  by  ESR  spectroscopy.  Whan  tested  at  lOpM 
against  MCF-7  calla  In  ttsaue  culture,  mitoxantrona  waa  more  toxic  than  doxorubicin. 
MHnxantrona,  in  sharp  contrast  to  doxorubicin,  yielded  a  relatively  stable  bee  reded 
upon  enzymatic  oxidation.  This  could  explain  some  of  the  dHfarencas  in  the  pier- 
macodynamics  of  the  two  drugs.  (Supported  In  part  by  tha  U.S.  Army  Medea 
Research  and  MatarM  Command  under  DAMD1 7-66-1 -81 00) 
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OtatrMtflow  Ou  The  AppUodeu  OfNeutrul  Rod  Kmmj  For  C«fl  Vtafaflhy 
p,jirr.^  Sridh*.  K rnmmm  V  Bulan.  Yard*  Zhou,  Ravi  A  Shankar.  AJfrtd  L  GqMkm: 
Howwd  Urdvwshy.  »*l  Georgia  Ave..  NW.  Weshiegiaa,  DC  20060 
The  vital  dye.  neutral  red  ii  lake*  up  by  the  lysoeoeaes  of  viable  bM  not  dead  ceiH.  This  it  die 
bode  of  widely  Died  neutral  rad  auay  for  rapid  screening  of  cymoaie  drop.  During 
imadodeai  on  (he  "flea  of  hyperthermia  on  a  panel  of  turaor  edb  several  imitation*  of 
iMa  ataay  wan  evident  In  particular.  cedi  tiDud  by  expeeurc  to  *3  degrees  C  liar  one  how 
did  ool  dilftr  sppredably  fro*  viable  cells  raaiarainad  at  37  degrees  C  with  respect  to  neutral 
rad  imi— irrl  iwenuliirrty  ifhr  heat  tiaanwcin.  The  cytotoaiory  of  the  43  degrees  C 

maUneot  was confirmed using dooogeniciiy  assays  If tho  ntoml  rad  i^tako umrattsuied 

after  allowing  the  ctifc  to  flow  fur  M  hours  aftaf  heat  treairaenl  some  degra«  of  kffltagcwld 

be  damoaiottod  by  the  neutral  rad  easy.  The  vtubOhy  wua  higher  whm  assayed  by  nctanl 
red  are*  competed  to  dooofnicky  aeasureraau*  la  aaerapta  to  evakn*  then^wwetd 
nadddnrg  redtraot  MCF-7/APR  ccBs  it  wot  fauad  that  they  did  net  acowdaw  nraaal  red  lo 
the  une  warn  as  other  (bug  sewtfra  edb,  perhaps  due  to  the  operation  of  the  drag  eflWi 
action  of  p-glycoprotein  (pgPHO).  This  made  neural  rad  assay  iacBealy*  for  nsaunng  the 
viability  of  drag  redsasu  MCF-7/ADR  cdh.  It  wee  alto  observed  th*  uptake  of  nenirai  rad 
by  cbB»  depended  oa  the  coapoefaloi  of  tbs  awdiuw  for  b—co.  the  uptake  was  cahrarad 
in  Dulbeeaoi-s  nainal  essential  medhan  (DMEM)  raoabdnf  «  |0.  gha»ra  rampared  •• 
DMEM  with  1  gfL  glucose.  Tba  pH  of  iba  raedhaa  abo  affected  dye  uptake  by  ctib. 
Although  daw  ™—»«"t-g1  gjouogatidty  assays  «  rapeiiar  to  ntfnl  rad  assay  far 
cytotoxicity  tmriiee.  (Supported  in  part  by  the  U.S.  Array  Medical  Resewdi  aad  Mawnri 
Command  nader  DAMDI7-9B.141W) 
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Protein  kinases  and  phosphatases  are  likely  targets  for  the  development  of  therapeutic  drugs  since  they 
are  involved  in  specific  signaling  pathways  which  regulate  cell  functions  such  as  metabolism,  cell  cycle 
progression,  cell  adhesion,  vascular  function  and  angiogenesis.  Protein  phosphorylation  and  dephos- 
phoryiadon  serve  as  molecular  switches  for  modulating  these  processes  and  the  level  and  duration  of 
each  is  a  highly  regulated  process  in  normal  cells.  Several  compounds  that  inhibit  the  activity  of  tyrosine 
kinases  are  being  evaluated  as  cancer  therapeutic  agents  in  clinical  trials.  Diabetes  and  complications  of 
diabetes  also  involve  deregulated  levels  of  protein  kinases.  New  approaches  for  regulating  kinase  gene 
expression  include  specific  antisense  oligonucleotides  for  inhibiting  post-transcriptional  processing  of 
the  messenger  RNA,  naturally  occurring  products  and  their  chemical  derivatives  to  inhibit 
activity,  and  monoclonal  antibodies  to  inhibit  receptor  linked  kinases.  Inhibition  of  phosphatases  also 
serves  to  alter  the  duration  of  phosphorylation  by  kinases.  Considerations  for  development  of  effective 
inhibitors  include  non-specific  actions  of  compounds,  cellular  uptake,  multiple  intracellular  targets  that 
can  dilute  the  effective  cellular  concentration  of  an  agent,  and  tissue  specificity.  Kinase  inhibitors  may 
allow  other  therapeutic  agents  additional  time  to  become  effective  and  they  may  act  synergistically  with 
current  treatments. 

KEY  WORDS:  protein  kinase;  signal  transduction;  drug  design;  chemotherapeutic  agents. 


Eukaryotic  protein  kinases  constitute  a  large  family  of 
homologous  proteins  that  catalyze  the  transfer  of  the  gamma 
phosphate  group  of  ATP  or  GTP  to  the  hydroiyl  group  of 
serine,  threonine  or  tyrosine  in  a  substrate  protein.  Protein 
kinases  differ  in  structure,  subcellular  location,  substrate 
specificity,  and  function.  Cellular  signaling  cascades  rely  on 
the  phosphorylation  status  of  pathway  proteins  to  alter  their 
function.  Some  substrates  transmit  the  signal,  while  the  final 
protein  targets  are  altered  in  activity.  Phosphorylated  serine, 
threonine,  or  tyrosine  residues  are  substrates  for  specific  pro¬ 
tein  phosphatases  so  that  phosphorylation  and  dephosphory¬ 
lation  serve  as  molecular  switches  and  each  is  highly  regulated 
as  to  level  and  duration  (Figure  1)  (1-4). 

Cellular  functions  such  as  gene  expression,  cytoskeletal 
integrity,  cell  adhesion,  cell  cycle  progression,  and  differen¬ 
tiation  are  controlled  by  the  complex  interplay  of  protein 
kinases  and  phosphatases  in  specific  signaling  pathways  (5- 
12).  Malfunctions  of  cellular  signaling  have  been  associated 
with  many  diseases  including  cancer  and  diabetes.  Regulation 
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of  signal  transduction  by  cytokines  and  the  association  of  sig¬ 
nal  molecules  with  protooncogenes  and  tumor  suppressor 
genes  have  been  subjects  of  intense  research  in  the  industrial 
setting  as  well  as  in  academics.  Many  therapeutic  strategies 
can  now  be  developed  through  the  synthesis  of  compounds 
which  activate  or  inactivate  protein  kinases.  In  a  multicellular 
organism,  intercellular  communication  plays  a  crucial  role  un¬ 
der  normal  as  well  as  pathological  conditions.  Coexistence  of 
abnormal  cells  with  normal  cells  provide  the  stroma  and 
blood  supply  essential  for  maintaining  growth  and  progres¬ 
sion  of  tumors.  Such  codependence  relies  on  a  wide  array  of 
receptors  and  signal  transduction  pathways  to  the  nucleus  of 
either  the  host  or  cancer  cell.  Since  aberrant  expression/ 
activation  of  protein  kinase  C  appears  to  be  involved  in  the 
development  of  certain  types  of  cancer,  diabetes  and  compli¬ 
cations  of  diabetes,  the  search  for  selective  PKC  inhibitors  is 
a  major  goal  of  many  researchers.  Mutant  tyrosine  kinases  are 
also  often  associated  with  carcinogenesis  in  certain  organs, 
making  tyrosine  kinase  signaling  pathways  attractive  targets 
for  oncology  research. 

Cytokines,  hormones  and  growth  factors  bind  and  acti¬ 
vate  specific  receptors.  The  molecular  mechanisms  of  signal 
transduction  pathways  were  elucidated  by  identifying  the  spe¬ 
cific  protein  kinase  cascades  along  with  their  downstream  tar¬ 
gets,  which  include  some  specific  transcription  factors.  Pro¬ 
tein  kinases  act  in  concert  with  cytokines,  cell  cycle  regulatory 
molecules,  proteins  of  apoptotic  machinery  and  transcription 
factors  via  pathways  that  regulate  cell  metabolism,  differen¬ 
tiation,  proliferation  and  death.  Many  therapeutic  strategies 
are  aimed  at  critical  components  in  signal  transduction  path¬ 
ways  (9-13). 
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ng.L  Kinases  and  phosphatases  provide  molecular  switches  for  al¬ 
tering  protein  function.  Protein  phosphorylation  ia  a  post- 
translational  modification  in  cells  that  is  reversible  by  the  action  of 
phosphatases.  It  is  one  of  the  most  important  mechanisms  used  by 
cells  for  signal  transduction. 


PROTEIN  KINASES  ARE 
GROUPED  FUNCTIONALLY 

Eukaryotic  protein  kinases  typically  encode  a  250  amino 
acid  catalytic  domain  that  is  commonly  under  the  control  of  a 
separate  regulatory  domain  or  subunit.  Hanks  and  Hunter 


have  classified  them  on  the  basis  of,  their  structural  and  func¬ 
tional  properties  (14).  The  protein  kinase  “phylogenetic  tree” 
(Figure  2)  was  derived  from  aligning  kinase  domain  amino 
acid  sequences  (14).  There  are  five  kinase  categories:  1)  the 
cyclic  nucleotide-regulated  and  phospholipid-regulated  ki¬ 
nases  and  ribosomai  S6  kinases  (AGC),  2)  the  Ca 2*l 
calmodulin  kinases  (CaMK),  3)  the  cyclin-dependent  kinases 
(CMGC),  4)  the  protein  tyrosine  kinases  (PTK),  and  5) 
“other”  kinases  falling  outside  the  four  major  groups.  Mem¬ 
bers  of  groups  share  substrate  preferences.  For  example,  both 
the  AGC  and  CaMK  groups  phosphorylate  serine/threonine 
residues  near  arginine  and/or  lysine.  Members  of  the  serine/ 
threonine  kinase  group,  CMGC,  phosphorylate  serine/ 
threonine  in  proline-rich  domains.  The  CMGC  kinases  have 
larger  catalytic  domains  than  other  kinases.  The  PTK  group 
includes  both  receptor  and  non-receptor  kinases  that  phos¬ 
phorylate  tyrosine  residues.  Other  kinases  can  phosphorylate 
either  serine/threonine  and  tyrosine  residues  and  some  are 
termed  dual-specificity  kinases.  The  cellular  function  of  many 
kinases  was  elucidated  initially  by  broad  specificity  inhibitors. 
With  the  rapid  expansion  of  DNA  sequence  databases,  it  is 
likely  that  additional  kinases  will  be  discovered. 
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Fly.  2.  Diagram  of  the  major  families  of  protein  kinases.  Kinase  catalytic  domains  are  shaded  black.  The  AGC 
group  includes  cyclic  nucleotide-dependent  protein  kinases  (Protein  kinase  A  (PKA)  and  Protein  kinase  G 
(PKG))  and  lipid-dependent  protein  kinase  C  (PKC)  families.  The  catalytic  subunit  of  PKA  is  shown.  PKG 
contains  a  cGMP  binding  domain  which  is  shaded  gray.  The  regulatory  domain  of  PKC  is  also  shaded  gray.  The 
CaMK  group  shows  the  shaded  autoregulatory  domain  (site  that  binds  Ca2 -(-/calmodulin).  The  CMGC  group 
indudes  the  CDK,  MAPK/ERK  and  GSK-3  families.  The  PTK  group  includes  the  Src  family  and  the  EGFR 
RTK  family.  The  N-terminal  myristoyl  (Myr)  modification  allows  for  membrane  attachment  The  SH2  and  SH3 
domains  are  shown.  RTKs  contain  transmembrane  (TM)  and  extracellular  binding  domains  for  ligands  (checked 
shading).  The  “other”  group  includes  MEK,  Raf.  and  the  TGF-p  receptor  and  L1M  kinases.  Raf  kinases  have  a 
Ras  binding  domain  (RBD).  The  TGF-p  receptors  have  extracellular  ligand  binding  domains  (checked  shading) 
and  TM  domains.  The  LIM  and  PDZ  domains  are  noted  in  LIMK 
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DEPHOSPHORYLATION  BY 
PROTEEN  PHOSPHATASES 

Dephosphorylation  by  protein  phosphatases  plays  an 
equally  important  role  in  regulating  cellular  processes.  Pro- 
tein  phosphatases  have  specificities  that  are  as  distinct  as 
those  of  the  protein  kinases,  and  a  similar  number  of  genes 
encode  both  family  members  (15,16).  They  are  classified 
based  on  substrate  specificity,  dependence  on  metal  ions,  and 
sensitivity  to  inhibitory  agents.  Table  1  summarizes  the  dis¬ 
tribution  and  known  inhibitors  of  protein  phosphatases  which 
have  been  demonstrated  to  play  a  role  in  signal  transduction. 
They  possess  a  230  amino  acid  catalytic  domain  and  contain  a 
number  of  regulatory  subunits  that  govern  subcellular  local¬ 
ization  and  enzymatic  activity  (15,20).  The  activities  of  PP1 
and  PP2A  are  independent  of  metal  ions  (15,16).  The  cata¬ 
lytic  subunit  of  PP1  binds  to  regulatory  subunits  that  deter¬ 
mine  PP1  subcellular  localization  and  activity  (17)  while 
PP2A  is  inactivated  by  transient  phosphorylation  of  tyrosine 
residues  on  the  molecule  (18).  PP2B,  also  known  as  calcineu- 
rin,  consists  of  a  catalytic  subunit  (A-subunit,  6kDa)  and  a 
regulatory  subunit  (B-subunit,  19kDa).  It  is  dependent  on  the 
Ca2+-caImodulin  complex  for  complete  activation  (19).  Over 
40  protein  tyrosine  phosphatases  (FTP)  have  been  character¬ 
ized.  Specific  activators  of  protein  phosphatases  are  still  being 
sought  The  C2,  C6  and  C16  cer  amides  are  reported  activators 
of  protein  phosphatases  (21-23). 

THERAPEUTIC  STRATEGIES  FOR 
TREATING  CANCER 

Cancer  treatment  strategies  include:  (i)  inhibiting  tumor 
cell  proliferation,  (ii)  inducing  tumor  cell  death  by  necrosis  or 
apoptosis,  (iii)  inhibiting  tumor  angiogenesis,  (iv)  facilitating 
host  immune  system,  (v)  inducing  vegetative  tumor  cells  to 
undergo  terminal  differentiation,  (vi)  inhibiting  metastases  by 
inhibiting  tumor  cell  adhesion  and  invasiveness  of  normal  tis¬ 
sues. 


Table  1.  Protein  Phosphatases  Involved  in  Signal  Transduction 


Protein 

phosphatase  type 

Subcellular 

distribution 

Known  inhibitors 

PP1 

Cytosol 

Nucleus 

Myofibrils 

Glycogen  particles 

Calyculin  A 

Nodularin 

Tautomycin 

PP2A 

Cytosol 

Nucleus 

Mitochondria 

CaJyculins 

Microcystins 

Nodularin 

Okadaic  add 

PP2B  (calcineurin) 

Cytosol 

Nucleus 

Plasma  membrane 
Synaptosomes 

Cyclosporin  A 

FK506 

Immunophilin  complexes 

Cypermethrin 

Deltamethrin 

Fenvalerate 

PTP 

Plasma  membrane 
Nucleus 

bp  V(phen) 
mpV(pic) 

Dephostatins 

Phenylarsine  Oxide 
Sodium  Orthovanadate 

TYROSINE  KINASES  AS  THERAPEUTIC  TARGETS 
FOR  CANCER  CHEMOTHERAPY 

Recent  efforts  in  drug  design  have  targeted  specific  ki¬ 
nases.  Ras  is  one  of  the  most  frequently  mutated  oncogenes  in 
human  cancers  (24,25),  and  Ras  signaling  is  a  downstream 
event  of  tyrosine  kinase  activation.  Therefore  modifiers  of 
tyrosine  kinases  are  actively  being  investigated  as  anti-cancer 
drugs.  Cytoplasmic  tyrosine  kinases  frequently  contain  SH2 
and  SH3  domains  (src  Homology  2  and  3  domains)  which 
mediate  intra-  and  interprotein  interactions  (Figure  2).  SH2 
domains  bind  to  phosphotyrosine  sites  with  flanking  amino 
adds  that  are  specific  for  the  particular  SH2  sequence,  and 
SH3  domains  latch  on  to  proiine-rich  regions  (10). 

Receptor  tyrosine  kinases  (RTKs),  many  of  which  are 
growth  factor  receptors,  are  transmembrane  glycoproteins 
with  a  membrane  spanning  domain  and  a  conserved  cytoplas¬ 
mic  tyrosine  kinase  domain.  The  RTK  superfamily  consists  of 
18  families  in  vertebrates  and  indudes  56  different  receptors 
including  insulin,  fibroblast  growth  factor  (FGF),  epidermal 
growth  factor  (EGF),  hepatocyte  growth  factor  (HGF),  epi¬ 
dermal  growth  factor  (EGF),  platelet  derived  growth  factor 
(PDGF),  and  vascular  endothelial  growth  factor  (VEGF), 
and  many  other  receptors. 

There  is  considerable  structural  similarity  among  each 
RTK  subfamily.  Related  receptors  usually  bind  related  li¬ 
gands  such  as  the  HER  family  of  receptors  (EGF  receptor, 
HER2,  HER3  and  HER  4)  and  their  ligands  (TFG-a),  am. 
phiregulin,  heparin  binding  EGF  (HB-EGF),  betacellulin, 
and  heregulin.  Each  of  these  receptors  contains  two  domains 
that  share  the  conserved  sequence  pattern  of  nearly  50  cys¬ 
teine  residues;  additionally,  each  of  the  ligands  contains  a 
conserved  motif  of  cysteine  sextet  present  in  the  prototypical 
EGF  (10). 

Binding  of  a  ligand  to  an  RTK  leads  to  receptor  dimer¬ 
ization  and  activation  of  the  intracellular  catalytic  (kinase) 
domain.  In  the  dimer,  the  catalytic  unit  of  one  receptor  sub¬ 
unit  phosphorylates  specific  tyrosines  in  the  other  subunit. 
The  phosphoryiated  receptors  then  phosphorylate  or  interact 
with  other  adapter  and  signaling  molecules  through  phospho- 
tyrosines,  triggering  a  cascade  of  further  phosphorylations 
and/or  dephosphorylations.  After  a  series  of  downstream 
events  involving  several  proteins,  the  signal  reaches  the 
nucleus  in  the  form  of  a  molecule  which  can  alter  the  activity 
of  the  genetic  machinery  to  control  cell  proliferation,  differ¬ 
entiation,  cell  metabolism,  and  even  programmed  cell  death 
(apoptosis)  (10,26,27). 

Insulin-like  growth  factor  1  (IGF-1)  and  related  recep¬ 
tors  exist  as  preformed  dimers  of  a  and  p  chains.  Following 
activation,  the  ligand-induced  phosphorylation  is  similar  to 
the  RTK  pathway.  The  phosphotyrosines  of  the  receptor  can 
bind  to  an  adapter  molecule  or  substrate  such  as  phosphatidyl 
inositol  (PI)  3-kinase.  The  association  of  PI-3-kinase  with  the 
intracellular  domain  of  phosphoryiated  RTK  enhances  PI-3 
kinase  activity  via  allosteric  activation  of  the  catalytic  subunit 
(10,28).  In  contrast  to  substrates  of  RTKs  such  as  PI-3-kinase, 
the  adapter  molecules  contain  no  intrinsic  catalytic  activity. 
An  example  of  an  adapter  molecule  in  this  signaling  is  Grb2 
in  the  MAP  kinase  pathway  (29). 

There  is  strong  evidence  for  the  involvement  of  RTKs  in 
human  cancer  making  these  a  target  for  inhibition  (10,30). 
Examples  of  these  are  erbB  (EGF  receptor),  neu  (HER2),  kit 
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(stem-cell  factor  receptor),  fins  (CSF1  receptor),  met  (HGF 
receptor),  trk  (neurotrophin  receptor),  sea,  ros,  ret,  eyk,  and 
axl  (10).  A  number  of  cytoplasmic  tyrosine  Idnases  including 
src  and  abl  behave  as  oncogenes  when  mutated  or  inappro¬ 
priately  expressed  (10).  Nearly  30%  of  human  breast  and 
ovarian  cancers  show  amplified  expression  of  the  receptor 
tyrosine  kinase  HER2  (31).  Amplification  of  HER2  gene  also 
correlates  with  decreased  patient  survival  and  a  shorter  time 
for  recurrence  of  disease  (32). 

Blocking  of  the  receptor/ligand  interaction  is  also  an  ef¬ 
fective  therapeutic  target  Herceptin  (Genentech,  San  Fran¬ 
cisco,  CA)  is  a  humanized  monoclonal  antibody  against 
HER2.  The  success  of  Herceptin  in  cancer  treatment  supports 
the  hypothesis  that  blocking  certain  RTKs  can  curtail  cancer 
progression.  Alteration  or  overexpression  of  RTKs  such  as 
PDGF  and  EGF  receptors  has  also  been  associated  with  cer¬ 
tain  cancers.  Inhibitors  of  RTKs  may  inhibit  the  growth  and 
proliferation  of  such  cancers,  since  RTKs  stimulate  tumor  cell 
proliferation. 

Inhibitors  of  RTKs  are  useful  in  preventing  tumor  an¬ 
giogenesis  and  can  eliminate  support  from  the  host  tissue  by 
targeting  RTKs  located  on  vascular  cells  (e.g.,  blood  vessel 
endothelial  cells  and  stromal  fibroblasts  (FGF  receptor)).  An¬ 
other  example  of  restricting  blood  supply  to  a  tumor  could  be 
through  vascular  endothelial  growth  factor  (VEGF)  and  its 
receptor.  Several  splice  variants  of  VEGF  are  known  (e.g., 
VEGFm,  VEGFl6J,  VEGFlg9,  VEGF^)  which  vary  in  the 
number  of  amino  acids  in  the  peptide  (33).  VEGF  stimulates 
endothelial  cell  growth  during  angiogenesis,  and  increases  the 
permeability  of  tumor  vasculature  so  that  proteins  and  other 
growth  factors  become  accessible  to  the  tumor  (10).  Broad- 
spectrum  antitumor  efficacy  of  an  oral  dosage  form  of  an 
inhibitor  of  VEGF  signaling  has  been  reported  (33).  Thus, 
inhibition  of  VEGF  receptor  signaling  presents  an  important 
therapeutic  target  An  extracellular  receptor  can  also  be  a 
target  for  inhibition.  For  example,  the  EGF  receptor  family 
and  its  ligands  are  overexpressed  and  exist  as  an  autocrine 
loop  in  many  tumor  types.  One  EGF-related  peptide,  amphi- 
regulin,  is  coexpressed  in  pancreatic  and  ovarian  cancer  (10). 
HB-EGF  is  expressed  as  an  autocrine  loop  in  gastric  cancer. 


EGF  receptor  is  found  in  over  half  of  breast  tumors  unre¬ 
sponsive  to  hormone  (10).  EGF  is  found  in  many  tumors,  and 
EGF  may  be  required  for  tumor  cell  growth.  Antibody  to 
EGF  blocked  the  growth  of  tumor  xenografts  in  mice  (35). 
An  antisense  oligonucleotide  for  amphiregulin  inhibited 
growth  of  a  pancreatic  cancer  cell  line  (36).  A  variety  of  in¬ 
hibitors  of  RTKs  are  listed  in  Table  2,  some  of  which  are 
already  in  clinical  trials. 

OTHER  TARGET  POSSIBILITIES 

Many  tyrosine  kinase  inhibitors  are  derived  from  natural 
products  including  flavopiridol,  genistein,  erbstatin,  lavendus- 
tin  A,  staurosporine,  and  UCN-01.  Inhibitors  directed  at  the 
ATP  binding  site  are  also  available  (11,37).  Signals  from 
RTKs  can  also  be  inhibited  at  other  target  sites  such  as: 
nuclear  tyrosine  kinases,  membrane  anchors  (inhibition  of 
famesylation)  and  transcription  factors. 

DEFINING  THE  TARGET 

Targeting  the  signaling  potential  of  growth  promoting 
tyrosine  kinases  such  as  EGFR,  HER2,  PDGFR,  src,  and  abl, 
will  block  tumor  growth  while  blocking  IGF-1  and  TRK  will 
interfere  with  tumor  cell  survival.  Inhibiting  these  kinases  will 
lead  to  tumor  shrinkage  and  apoptosis.  Flk-l/KDR  and  src 
are  kinases  necessary  for  neovascularization  (angiogenesis)  of 
tumors  and  inhibition  of  these  will  slow  tumor  growth  thereby 
decreasing  metastases  (38).  Met  promotes  cell  migration,  and 
inhibiting  this  kinase  should  also  decrease  metastases  (39). 

The  usual  criteria  applicable  for  evaluating  conventional 
chemotherapy  drugs  may  fail  to  detect  the  efficacy  of  drugs 
targeted  against  RTKs.  Inhibitors  of  RTKs  stabilize  the  tu¬ 
mor  in  terms  of  cell  proliferation,  normal  cell  loss  via  apop¬ 
tosis,  and  prevent  cell  migration,  invasion  and  metastases. 
These  drugs  are  likely  to  increase  the  time  required  for  tumor 
progression,  and  may  inhibit  or  attenuate  the  aggressiveness 
of  the  disease  but  may  not  initially  result  in  measurable  tumor 
regression.  Therefore,  specially  designed  trials  are  needed  to 
evaluate  the  usefulness  of  drugs  designed  for  RTK  inhibi- 


Tabie  2.  Inhibitors  of  Receptor  Tyrosine  Kinases 


Inhibitor 

Tyrosine  kinase  target 

Clinical  trial 

Source 

Genistein 

Herbimycin  A 
HNMPA-(AM)3 
Lavendustin  A 
Tyrphostin  23 

PP1 

EGF-R,  v-src 

EGF-R 

IR-K 

IR-K 

IR-K,  EFG-R 
v-src 

Pfizer 

PP2 

v-src 

Pfizer 

ZD  1839  (fossa*) 

EGF-R 

Phase  I  (NSCLC,  breast,  colorectal,  ovarian,  renal,  esophageal. 

Zeneca 

CP-358774 

EGF-R 

pancreatic,  and  mesothelioma  solid  tumors) 

Pfizer 

CGP  59326 

EGF-R 

Novartis 

PD  166285 

EGF-R,  PDGF-R,  v-src 

Parke-Davis 

CGP  57148 

PDGF-R 

Novartis 

SU101  (Leflunomide) 

PDGF-R 

Phase  III  (glioblastoma  multiform)  and  Phase  II  (prostate, 

Sugen 

SU  5416 

Flk-l/KDR 

lung  and  ovarian  cancer) 

Phase  II  (AIDS-related  Kaposi  sarcoma) 

Sugen 

STI 571 

abl 

Phase  1  (Philadelphia-chromosome-positive  leukemia) 

Novartis 

ZD4190 

VEGF-R 

Astra  Zeneca 

Protein  Kinases 

tion.  Perhaps  drugs  will  act  synergistically  with  the  currently 
utilized  chemotherapeutic  agents.  Inhibitors  of  RTKs  are  less 
likely  to  have  adverse  systemic  toxicity  since  they  are  cyto¬ 
static  and  not  cytoddal.  They  are  likely  to  delay  tumor  pro¬ 
gression  by  inhibiting  cell  cycle  transit  allowing  other  thera¬ 
peutic  agents  additional  time  to  cause  tumor  regression. 

An  example  of  cancer  arising  from  a  defective  tyrosine 
kinase  is  a  class  of  ALK  positive  lymphomas  referred  to  as 
"ALKomas”  which  display  inappropriate  expression  of  a 
neural-specific  tyrosine  kinase,  anaplastic  lymphoma  kinase 
(ALK)  (40).  Many  solid  tumors  overexpress  epidermal 
growth  factor  receptor  (41).  Iressa  (ZD1839)  is  an  orally  ac¬ 
tive  selective  EGF-R  inhibitor.  This  compound  disrupts  sig¬ 
naling  involved  in  cancer  cell  proliferation,  cell  survival  and 
tumor  growth  support  by  the  host  (42).  The  clinical  efficacy  of 
this  agent  shows  that  it  is  well  tolerated  by  patients  undergo¬ 
ing  Phase  I/II  clinical  trials  (43,44).  The  compound  has  shown 
promising  cytotoxicity  towards  several  cancer  cell  lines  (43). 

Many  growth  factors  and  cytokines  regulate  cellular 
functions  via  the  Janus  kinase  (JAK)  signal  transducers  and 
activators  of  transcription  (STAT).  Membrane-associated 
JAK  tyrosine  kinases  are  activated  upon  ligand  binding  to  an 
RTK.  This  preferentially  recruits  dormant  cytoplasmic  tran¬ 
scription  factors  (STATs)  which  are  subsequently  activated 
by  phosphorylation.  The  phosphorylated  STATS  migrate  to 
the  nucleus  and  activate  transcription  of  the  target  gene 
(45,46).  Cells  derived  from  rat  and  human  cancers  have  con- 
stitutively  activated  Stat3,  and  the  malignant  potential  of  can¬ 
cer  has  been  associated  with  Stat3  activation  (47,48).  The 
JAK  inhibitor  AG940  prevents  Stat3  activation  and  sup¬ 
presses  the  growth  of  human  prostate  cancer  cells  (48). 

DNA  DEPENDENT  PROTEIN  KINASES 

DNA-dependent  protein  kinase  (DNA-PK)  is  involved 
in  the  repair  of  double-strand  breaks  in  mammalian  cells.  This 
enzyme  requires  ends  of  double  stranded  DNA  or  transitions 
from  single  stranded  to  double  stranded  DNA  in  order  to  act 
as  a  serine/threonine  kinase  (49-54).  Cells  with  defective  or 
deficient  DNA-PK  activity  are  unable  to  repair  radiation  in¬ 
duced  DNA  double  strand  breaks  and  consequently  very  sen¬ 
sitive  to  the  lethal  effects  of  ionizing  radiation  (50-53).  DNA- 
PK  dependent  repair  of  DNA  double  strand  break  involves 
DNA  ligase  IV  and  XRCC4  (53-55).  Inhibition  of  DNA-PK 
has  the  potential  to  increase  the  efficacy  of  antitumor  treat¬ 
ment  with  radiation  or  chemotherapeutic  agents. 

CELL  CYCLE  REGULATION  BY  CYCUN 
DEPENDENT  KINASES 

Progression  through  the  cell  cycle  is  controlled  in  part  by 
a  series  of  regulatory  molecules  called  cyclins  and  the  cydin- 
dependent  kinases  (CDK)  which  they  activate.  In  addition  to 
the  cyclins,  CDK  activity  is  also  regulated  by  phosphorylation 
and  dephosphoryiation.  Cellular  inhibitors  of  CDKs  also  play 
a  major  role  in  cell  cycle  progression  (56).  Alterations  in  the 
expression,  function,  and  structure  of  cydin  and  CDK  are 
encountered  in  the  cancer  phenotype.  Therefore  CDKs  may 
be  important  targets  for  new  cancer  therapeutic  agents.  Cell 
cycle  perturbations  occur  in  tumors  and  tumor  cells  treated 
with  ionizing  radiation  and  or  chemotherapeutic  agents. 
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Whether  or  not  the  DNA  damage  caused  in  ceils  leads  to  cell 
death  depends  on  normal  cell  cyde  control  mechanisms  that 
are  in  place.  Often  chemotherapy  resistant  cells  tend  to  es¬ 
cape  apoptosis.  Under  certain  circumstances,  inappropriate 
CDK  activation  may  even  promote  apoptosis  by  encouraging 
the  progression  of  the  cell  cyde  under  unfavorable  condi¬ 
tions,  Le.,  attempting  mitosis  while  DNA  damage  is  largely 
unrepaired. 

INHIBITION  OF  CDKs  TO  INDUCE  APOPTOSIS  IN 
CANCER  CELLS 

Purines  and  purine  analogs  act  as  CDK  inhibitors.  Fla- 
vopiridol  (L86-8.275)  is  a  flavonoid  that  causes  50%  growth 
inhibition  of  tumor  cells  at  60  nM  (57).  It  also  inhibits  EGFR 
and  protein  kinase  A  (ICjq  about  100  pM)  (57).  Flavopiridel 
induces  apoptosis  and  inhibits  lymphoid,  myeloid,  colon,  and 
prostate  cancer  cells  grown  in  vivo  as  tumor  xenografts  in 
nude  mice.  At  the  molecular  level,  flavopiridol  affects  CDK 
function  and  arrests  cells  in  the  Gj/M  and  Gt/S  border.  Both 
cycling  and  non-cycling  cells  are  killed  by  flavopiridol.  At 
concentrations  above  1  micromolar,  flavopiridol  loses  its  se¬ 
lectivity  and  starts  inhibiting  other  kinases  (e.g.,  6  p.M  is  the 
ICjq  for  protein  kinase  C)  (57).  Staurosporine  and  its  deriva¬ 
tive,  UCN-01,  in  addition  to  inhibiting  protein  kinase  C,  in¬ 
hibit  cyclin  B/CDK  (IC^  3  to  6  nM).  Staurosporine  is  toxic, 
but  its  derivative  7-hydroxystaurosporine  (UCN-01)  has  anti¬ 
tumor  properties  and  is  in  clinical  trials  (58).  UCN-01  affects 
the  phosphorylation  of  CDKs  and  alters  the  cell  cycle  check¬ 
point  functioning.  These  compounds  illustrate  that  multiple 
intracellular  targets  may  be  affected  as  the  concentration  of 
an  inhibitor  is  increased  within  cells. 

TISSUE  SPECIFICITY  AS  A  COMPONENT  OF 
IDENTIFYING  THE  THERAPEUTIC  TARGET 

Tamoxifen,  a  protein  kinase  C  inhibitor  with  anti¬ 
estrogen  activity,  is  currently  a  standard  treatment  for  hor¬ 
mone-dependent  breast  cancer.  The  use  of  this  compound 
may  increase  the  risk  of  developing  cancer  in  other  tissues 
such  as  the  endometrium  (59).  Raloxifene,  a  related  com¬ 
pound,  has  been  shown  to  protect  against  osteoporosis  (59). 
The  tissue  specificity  of  inhibitors  must  be  considered  when 
identifying  therapeutic  targets. 

MITOGEN  ACTIVATED  KINASE  (MAP  KINASES) 

IN  CARCINOGENESIS 

Signal  transduction  to  the  nucleus  in  response  to  extra¬ 
cellular  stimulus  by  a  growth  factor  involves  the  mitogen  ac¬ 
tivated  protein  (MAP)  kinases.  MAP  kinases  are  a  family  of 
protein  serine  threonine  kinases  which  mediate  signal  trans¬ 
duction  from  extracellular  receptors  or  heat  shock,  or  UV 
radiation  (some  receptors  are  tyrosine  kinase  receptors) 
(60,61).  These  kinases,  in  concert  with  other  signal  transduc¬ 
tion  pathways  can  network  to  differentially  alter  the  phos¬ 
phorylation  of  transcription  factors.  Cell  proliferation  and 
differentiation  in  normal  cells  are  under  the  regulation  and 
control  of  multiple  MAP  kinase  cascades.  Aberrant  and  de¬ 
regulated  functioning  of  MAP  kinases  can  initiate  and  sup¬ 
port  carcinogenesis  (62,63).  Insulin  and  IGF-1  also  activate  a 
mitogenic  MAP  kinase  pathway  that  may  be  important  in 
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acquired  insulin  resistance  occuring  in  type  2  diabetes 
(64). 

PHOSPHATTDVUNOSITOL  3-KINASE,  PKB/AKT 
AND  CELL  SURVIVAL 

Many  cancers  become  refractory  to  chemotherapy  by  de¬ 
veloping  a  survival  strategy  involving  the  constitutive  activa¬ 
tion  of  the  phosphatidylinositol  3-kinase-protein  kinase 
B/Akt  signaling  cascade.  This  survival  signaling  pathway  thus 
becomes  an  important  target  for  the  development  of  specific 
inhibitors  that  would  block  its  function  (65-68).  PI-3  kinase/ 
Akt  signaling  is  equally  important  in  diabetes  (69).  The  path¬ 
way  activated  by  RTKs  subsequently  regulates  glycogen  syn¬ 
thase  kinase  3  (GSK3)  and  glucose  uptake.  Since  Akt  has 
decreased  activity  in  type  2  diabetes,  it  provides  a  therapeutic 
target  (69). 

KINASE  INHIBITORS  AS  TOOLS  FOR  STUDYING 
CELLULAR  SIGNALING 

Protein  kinase  inhibitors  provide  much  of  our  knowledge 
about  regulation  and  coordination  of  physiological  functions. 
Endogenous  peptide  inhibitors  occur  in  vivo  (70).  A  pseudo¬ 
substrate  sequence  within  PKC  acts  to  inhibit  the  kinase  in 
the  absence  of  its  lipid  activator  (71).  A  PKC  inhibitor  such  as 
chelerythrine  acts  on  the  catalytic  domain  to  block  substrate 
interaction,  while  calphostin  C  acts  on  the  regulatory  domain 
to  mimic  the  pseudosubstrate  sequence  and  block  ATPase 
activity,  or  by  inhibiting  cofactor  binding.  The  ability  to  in¬ 
hibit  specific  PKC  isozymes  is  limited.  The  most  specific  in¬ 
hibitors  appear  to  be  directed  toward  the  conventional  PKCs 
(regulated  by  phospholipids,  calcium,  and  diacylglycerol)  with 


at  least  two  inhibitors  of  PKCpil  identified  (72,73).  Most 
PKC  inhibitors,  including  those  for  PKCflll,  inhibit  insulin- 
induced  glucose  uptake  (73,78).  The  importance  of  PKC  ac¬ 
tivation  for  insulin  action  has  been  the  topic  of  numerous 
studies.  Multiple  PKC  isozymes  appear  to  be  involved  in 
regulating  glucose  uptake  (78)  and  insulin  resistance  medi¬ 
ated  by  the  insulin  receptor  (79). 

The  caveat  for  evaluating  the  specific  function  of  a  kinase 
using  inhibitors  lies  in  the  non-specific  actions  of  some  com¬ 
pounds  and  their  ability  to  inhibit  a  number  of  different 
protein  kinases  or,  at  higher  concentrations,  similar  isozymes. 
The  cellular  uptake,  half-life,  diffusion,  or  multiple  intracel¬ 
lular  receptors  are  also  considerations  when  interpreting  in¬ 
hibitor  effects  on  metabolic  and  mitogenic  function. 

Activated  kinases  can  have  multiple  substrates  that  are 
then  trafficked  to  subcellular  locations  via  phosphorylation/ 
dephosphorylation  signals.  Nuclear  targets  of  activated  ki¬ 
nases  are  thought  to  be  transcriptional  activation  factors.  An¬ 
other  mechanism  of  activating  transcription  factors  that  are 
dormant  in  the  cytoplasm  is  their  translocation  into  the 
nucleus  upon  phosphorylation.  This  mechanism  of  signal 
transduction  is  observed  in  the  case  of  NF-kB  proteins  (74). 
NF-kB  complexes  are  inactive  due  to  complexing  with  IkB 
inhibitors,  but  upon  phosphorylation  of  the  regulatory  IkB  by 
PKC  and  PKA,  free  NF-kB  complexes  are  dissociated  and  are 
then  translocated  to  the  nucleus  (74). 

OTHER  MODES  OF  REGULATING 
PROTEIN  KINASES 

Although  some  protein  kinases  have,  to  date,  no  known 
system  of  physiological  regulation,  many  are  activated  or  in- 
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Fig.  3.  Regulatory  control  points  in  gene  expression  by  growth  factors.  Protein  kinase  signaling  pathways  activated  by  protein 
tyrosine  kinases  are  known  to  regulate  RNA  transcription,  post-transcriptional  processing  of  pre-mRNA,  mRNA  stability,  and 
protein  phosphorylation. 
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activated  by  autophosphoiyiatioa  or  phosphorylation  by  up¬ 
stream  protein  kinases.  The  regulation  of  protein  kinases  also 
occurs  transcriptionally,  post-transcriptionally,  and  post- 
translationalty  (Figure  3).  The  mechanism  of  post-transcrip¬ 
tional  regulation  is  alternative  splicing  of  precursor  mRNA 
(75).  Protein  kinase  C-0I  and  -fill  are  two  isoforms  of  a  single 
PKCp  gene  derived  from  differences  in  the  splicing  of  the 
exon  encoding  the  C-terminal  50-52  amino  adds.  Splicing  can 
be  regulated  by  a  kinase  cascade  in  response  to  peptide  hor¬ 
mones  such  as  insulin  and  IGF-1  (75).  PKCpI  and  Oil  have 
different  specifidties  for  phosphorylating  members  of  the  mi¬ 
togen  activated  protein  (MAP)  kinase  family,  for  glycogen 
synthase  3p,  for  nuclear  transcription  factors  such  as  TLS/Fus, 
and  for  other  nuclear  kinases  (76-78).  By  inhibiting  the  post- 
transcriptional  alternative  splicing  of  PKCOII  mRNA, 
PKCpH-dependent  processes  are  inhibited. 

The  stability  of  mRNA  encoding  the  PKC  isozymes  is 
also  apparently  regulated  by  kinase  cascades.  Destabilization 
of  PKC8  mRNA  by  phorbol  esters  is  one  example  (80).  The 
destabilization  of  PKQ3II  mRNA  by  glucose  is  another  case 
in  which  stability  is  modulated  by  protein  kinases  (81).  Thus, 
regulation  of  PKCpH  expression  by  insulin  via  alternative 
spiking  of  pre-mRNA  and  glucose  via  destabilization  of 
mRNA,  suggests  that  post-transcriptional  processing  may  be 
a  likely  target  for  altering  kinase  levels.  The  development  of 
antisense  oligonucleotides  to  inhibit  the  expression  of  various 
protein  kinases  has  been  successful-  Antisense  oligonucleo¬ 
tides  are  short  lengths  of  synthetically  manufactured,  chemi¬ 
cally  modified  DNA  or  RNA  designed  to  specifically  interact 
with  mRNA  transcripts  encoding  target  proteins.  The  inter¬ 
action  of  the  antisense  moiety  with  mRNA  inhibits  protein 
translation  and,  in  some  cases,  post-transcriptional  processing 
(e.g.,  alternative  splicing  and  stability)  of  mRNA.  Antisense 
oligonuclotides  have  been  developed  to  alter  alternative  splic¬ 
ing  of  BclX  long  to  short  mRNA  forms  and  for  inhibiting  the 
translation  of  PKCa  and  PKC  J  (82). 

PROTEIN  KINASE  INHIBITORS  IN 
CARDIOVASCULAR  DISEASE  AND  VASCULAR 
COMPLICATIONS  IN  DIABETES  MELUTUS 

Protein  kinase  C  isoforms  have  been  implicated  in  cellu¬ 
lar  changes  observed  in  the  vascular  complications  of  diabe¬ 
tes.  Hyperglycemia  is  associated  with  increased  levels  of 
PKCa  and  (3  isoforms  in  renal  glomeruli  of  diabetic  rats  (72). 
Oral  administration  of  a  PKCp  inhibitor  prevented  the  in¬ 
creased  mRNA  expression  of  TGF-0I  and  extracellular  ma¬ 
trix  component  genes  (72).  Administration  of  the  specific 
PKCp  inhibitor  (LY333531)  also  normalized  levels  of  cyto¬ 
kines,  caldesmon  and  hemodynamics  of  retinal  and  renal 
blood  flow  (72).  Overexpression  of  the  PKCp  isoform  in  the 
myocardium  resulted  in  cardiac  hypertrophy  and  failure  (72). 
The  use  of  LY333531  to  prevent  adverse  effects  of  cardiac 
PKCP  overexpression  in  diabetic  subjects  is  under  investiga¬ 
tion  (72).  The  compound  is  also  in  Phase  II/III  clinical  trials 
for  diabetic  retinopathy  and  diabetic  macular  edema  indicat¬ 
ing  that  it  may  be  pharmacodynamically  active  (83). 

CONCLUSIONS 

Our  original  understanding  of  kinases  and  their  roles  in 
cellular  metabolism  are  based  on  work  by  Krebs,  Graves  and 


Fisher  (84),  more  recently,  information  provided  from  inves¬ 
tigations  on  such  diverse  species  as  D.  melanogaster,  S.  cer- 
evisiae,  D.  discoideum,  and  C  elegant  has  identified  new  ki¬ 
nase  genes  and  allowed  cloning  of  their  mammalian  counter¬ 
parts  (13).  The  further  use  of  peptide  libraries,  protein-RNA, 
protein-DNA,  and  protein-protein  interaction  systems  will 
advance  our  understanding  of  kinase  specificity  and  how  ki¬ 
nases  are  regulated  by  protein  interaction,  and  will  provide 
additional  molecular  possibilities  for  drug  intervention. 
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